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In this work, we perform a nonlinear extension of the U(1)y sector of the Standard Model leading to
novel quartic effective interactions between the neutral gauge bosons. We study the induced effects through
high-energy processes resulting in three photons, namely, Z-boson decay and electron-positron annihi-
lation. Available experimental data on these processes do not yield viable lower bounds on the mass
parameter /f3, but we estimate that the range /B < m could be reliably excluded with better statistics in
future e~e™ colliders. We also discuss neutral gauge-boson scatterings, contextualizing our findings with

recent results on anomalous quartic gauge couplings.
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I. INTRODUCTION

The idea of nonlinear electromagnetic responses of the
vacuum was first suggested by Halpern [1] and one year
later by Heisenberg [2], where he proposed that virtual
electron-positron pairs could be at the origin of photon-
photon collisions. Soon thereafter, actions with nonlinear
electrodynamics were introduced by Born and Infeld [3]
and also Euler and Heisenberg [4] in the 1930s to deal with
the classical problem of the infinite self-energy of a point
charge. These extensions, which have been also explored in
areas as diverse as black-hole physics and cosmology [5—
8], can display interesting features, such as vacuum
birefringence and dichroism [9-11]. For recent develop-
ments, see Refs. [12—14] and references therein.

Perhaps the most striking prediction of these models is
the occurrence of light-by-light scattering already at tree
level. This extremely rare process was recently observed by
the ATLAS and CMS collaborations in heavy-ion collisions
at the LHC [15-17]. The perspective to test effects of
nonlinear extensions of the Standard Model (SM) in high-
energy experiments—in lepton and hadron accelerators or
potentially in photon colliders—motivates us to search for
possible phenomenological consequences.

“pdf321@cbpf.br
_k_pedrocmalta@ gmail.com
“helayel @cbpf.br

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010,/2022/105(1)/016007(17)

016007-1

The nonlinear extension of traditional Maxwell electro-
dynamics modifies photon-photon interactions by intro-
ducing higher-order terms in the Lagrangian. Here, we are
interested in extending the whole hypercharge sector of the
electroweak gauge group, thus giving rise to other inter-
esting phenomena. In fact, besides reproducing the already
known nonlinear effects in standard electrodynamics (cor-
rected by a factor involving the Weinberg angle), this
extension induces anomalous quartic couplings between
the Z-boson and the photon. This in turn theoretically
allows for rare processes to take place already at tree level,
as for example the creation of a Z-boson pair from the
collision of two photons.

There is also a more recent motivation for considering
nonlinear models. Introduced by Dirac 90 years ago [18],
magnetic monopoles remain elusive, despite experimental
efforts. It was thought for a long time that it would be
impossible to obtain a monopole solution in the electro-
weak sector because of its gauge structure after symmetry
breaking, but this belief turned out to be wrong. An
electroweak monopole solution was obtained by Cho
and Maison [19], but the original solution predicted an
infinite mass that should be regularized to have physical
meaning and sustain any hope of being found experimen-
tally. A few years ago, some proposals of SM extensions
regularizing the monopole energy and giving a finite,
calculable mass were made [20-22]. A nonlinear extension
of the hypercharge sector could solve the infinite-energy
problem [23]; a more general extension of the U(1)y sector
giving a finite-energy monopole solution was investigated
in Ref. [24]. Nowadays, there is hope to finally find a
monopole in dedicated experiments, such as MoEDAL at
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CERN [25], so it is imperative to understand the pheno-

menological implications of such an extension.

Nonlinear effects have not been observed at low ener-
gies. This means that the parameter controlling the non-
linearity of the fields is expected to be large in comparison
to other relevant energy scales. The parameters in nonlinear
theories may be constrained in different ways, e.g., via
hydrogen spectroscopy or interferometry [26,27]. A more
stringent bound is obtained using LHC data on light-by-
light scattering in heavy-ion collisions [28]. The lower
bound reported there is ~100 GeV, but it could
reach ~200 GeV under less restrictive assumptions. The
ATLAS data on gg — yy can enhance this sensitivity by 1
order of magnitude in a Born-Infeld (BI) extension
of SM [29], reaching the TeV scale as in brane-inspired
models.

In this work, we analyze an extension of the hypercharge
sector of the SM. This gives rise to quartic effective
interactions between the neutral gauge bosons absent in
the SM at tree level. These novel operators contribute to
decay and scattering processes, and we explore existing
experimental data to place lower bounds on the nonlinear
parameter. We discuss recent results constraining anoma-
lous gauge couplings and briefly consider possible
improvements on these bounds in future experiments.

This paper is organized as follows. In Sec. II, we present
the theoretical setup of our model. In Sec. III, we discuss
options to constrain the expansion parameter /3, in particular
through the decay Z — 3y in Sec. III A and the scattering
e~et — 3y in Sec. II B. In Sec. Il C, we discuss neutral
gauge-boson scattering processes and contextualize our
discussion with recent results in anomalous quartic gauge
couplings. Finally, in Sec. IV, we present our closing
remarks. We use natural units (¢ =2 = 1) and the flat
Minkowski metric n** = diag(+1, —1, —1, —1) throughout.

II. THEORETICAL SETUP

Let us briefly review the usual electroweak (EW)
Lagrangian to fix our notation. The bosonic part of the
EW sector is given by

‘CEW = ‘CGaugc + LHiggsv (1)
where
1 1
‘CGauge = _ZF/U/F/H/ - ZBH’/BI“/’ (2)
5 . m2 2
ﬁHiggs = |D”H| -1 <H'H - §> . (3)

Here, we defined the covariant derivative as

D, =, — igA’T* — ig YB,. (4)

In the equations above, Aj and B, are the gauge
fields associated with the gauge group SU(2); x U(1)y,
Fi, = 0,A¢ — 0,A% + geup ALAL and B, = 9,B, — 0,B,
are the respective field strengths, and ¢ and ¢ are the
couplings. Here, T“ are the generators of SU(2), satisfying
[T¢, T?] = ie“*“T*, and Y is the weak hypercharge.

The Higgs field H is a SU(2); doublet with hypercharge
Y(H) = +1/2. The scalar potential induces a nontrivial
vacuum expectation value given by [(H)|> = v?/2 =
m?/2A. Below this energy scale, the theory is cast into
the Higgs phase with three massive vector bosons W+, Z, a
massive scalar & and a massless photon A (y) in the
spectrum. The physical fields can be written using the
Weinberg angle 6y,: the neutral vector bosons are defined
by Z, =cosOyA; —sinfyB, and A, =sinfyAl+
cos Oy B, whereas the charged vector fields are defined
by Wi = (A} FiA2)/V2.

The masses of the vector bosons can be precisely
measured and are my = gv/2 = 80.4 GeV and m, =
my/ cosOy = 91.2 GeV. The Weinberg angle can be
experimentally determined and satisfies sin® @y, = 0.23.
After symmetry breaking, the kinetic part of the gauge
Lagrangian (omitting mass terms) reads

1 1 1

Lounge = =g FuF" =322 =5 Wu W=, ()

where the field-strength tensors are defined as usual.
We may now introduce the leptons through the following
Lagrangian,

Ly eptons = iLiy*D,L; + il?iRy”Dyl’ﬂiRv (6)

where L; denotes the lepton doublets L; = (v;.¢;;)" with
vy, i1, and ¢;r representing the left-handed neutrinos,
the left-handed charged leptons, and the right-handed
lepton fields, respectively. Here, i is a flavor index to
distinguish between the three generations of leptons. The
hypercharge assignment adopted here is Y(L;) = —1/2 and
Y(¢;z) = —1. Taking Eq. (6) with Eq. (4), including the
gauge fields after symmetry breaking, we obtain the
interactions between matter and gauge fields. In what
follows, only two such interaction terms will be relevant,
namely,

Eee;’ = _e;ﬂiyﬂfiAﬂv (7)

Loz = 2[7/#(_1 + 4 sin? Oy + ys)fl-Z”. (8)

4 cos Oy

Here, we propose the following general extension of the
weak hypercharge sector of the EW Lagrangian,

1
E:—ZBWB’“’—%CY:JC(‘F»Q)’ 9)

016007-2



PHENOMENOLOGY OF A BORN-INFELD EXTENSION OF THE ...

PHYS. REV. D 105, 016007 (2022)

where we defined the Lorentz and gauge invariant objects

1
F = BuB"

and G= %B,,,,B”” (10)
with the dual field-strength tensor given by BW =
%e"””"BPJ. This type of nonlinear extension was already
studied in the context of magnetic monopoles [24], where it
was shown that under certain conditions it allows a finite-
energy electroweak monopole solution.

The SM predictions are so far in excellent agreement
with experiment, and in order to recover the usual SM
results, we demand that our general extension f(F,QG)
reproduces the usual term —%BWB”” in some appropriate
limit. Since we do not want to have a parity-violating term
in the photon sector after spontaneous symmetry breaking,
we impose the physically motivated assumption that
f(F,G) depends on G only through G.

Let us consider for instance a BI extension of the
hypercharge sector [3] given by

2
L8 = p? 1—\/1+2 é—zg—ﬂ“) , (11)

where f is a parameter with dimension of mass squared.
This nonlinear extension has been extensively studied in
the context of electrodynamics, with applications in a range
of subjects, and has attracted a lot of interest in recent years
after the observation of light-by-light scattering at the LHC
[15—17]. Interestingly enough, the BI action can be derived
from string theory [30] and also appears in the dynamics of
D-branes [31].

Our goal is to study the phenomenological consequences
of the nonlinear extension in high-energy processes. To
accomplish this, we need to obtain the induced operators

|

(/) _ 1
£ 3242

written in terms of the physical fields after symmetry
breaking. The mass scale set by /f3 is expected to be large
in comparison with the typical energies of the processes
considered, motivating us to perform a Taylor expansion of
Eq. (11) in powers of X = ﬂ%—ﬁ:

1
2p?

We will only consider tree-level processes with at most four
gauge bosons in each vertex, so we can safely restrict
ourselves to leading nontrivial order. It is important to keep
in mind that this perturbative approach can only be trusted
as long as the energy of the process is lower than the mass
scale set by /3, as this guarantees that the next terms in the
expansion provide increasingly negligible corrections to
the leading-order terms.

Furthermore, taking into consideration the recent interest
in different versions of nonlinear electrodynamics, we can
also consider other interesting extensions that would give
rise to the same physical effects in the approximation
considered here. In fact, using X defined above, we could as
well have considered here the extensions given by ﬁl{{og =
—p2log[1 + X] and LY® = p2[e™X — 1] giving us the
U(1)y version of the logarithmic [9] and exponential
[10,11] nonlinear electrodynamics. The three extensions
agree up to leading nontrivial order, and we will restrict
ourselves to tree-level processes with at most four gauge
bosons interactions, so we may safely consider the f
parameters as being equal with a good approximation
and use Eq. (12) to describe their common effects.

The Lagrangian above is a function of the U(1)y gauge
field, B, but after symmetry breaking, we can write it in
terms of the physical fields, A, and Z,, retrieving the usual
SM Kkinetic terms at zeroth order. At first order, we
have (sy = sin @y, cy = cosOy)

Ly =-F +—[F>+ G+ 0(1/p%. (12)

{54((22)(22) + (22)(ZZ)) + c4(FF)(FF) + (FF)(FF)] + 2s5¢;((FF)(2Z) + (FF)(22)]

+ 453c3[(ZF)(ZF) + (ZF)(ZF)] = 4s3¢4[(ZZ)(ZF) + (ZZ)(ZF)] — 4sgci(FF)(FZ) + (FF)(FZ)]}, (13)

where we defined (ZZ)=Z,7" with an analogous
definition for the dual versions. All non,-linearly induced
vertices above have the same momentum structure and very
similar Feynman rules; this traces back to the common
origin of such interactions.

In conclusion, we see that our nonlinear extension in the
hypercharge sector generates a series of dimension-8
effective operators generically suppressed by a factor
(E/N)*, where € is a typical energy scale characteristic

|

of the process and A is the mass scale set by /. These
effective operators will introduce new vertices, allowing
processes that could only occur in the SM at loop level to
take place already at tree level. In the next section, we
explore this fact and consider different high-energy proc-
esses to obtain lower bounds on f whenever experimental
data are available. We also discuss the impact of our
nonlinear extension on scattering processes involving
neutral gauge bosons.
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III. EXPERIMENTAL LIMITS

In the section above, we have extracted quartic inter-
action vertices between the photon and Z-boson which are
completely absent from the SM, thus opening up interesting
possibilities to constrain the expansion parameter f. In the
following, we explore a few of them.

A.Z - 3y

In the SM, there is no tree-level Zyyy vertex, so the decay
process Z — 3y proceeds exclusively via fermion and W-
boson loops [32,33]. The theoretical prediction for the
partial width is I'(Z — 3y)gy = 1.4 eV [34], and given the
experimentally determined total width of the Z-boson
Fezxp =2.49 GeV [35], the expected branching ratio is
BR(Z — 3y)qy = 5.4 x 107'°. The currently best upper
bound was obtained by the ATLAS Collaboration using pp
collisions at /s = 8 TeV and reads [36]

BR(Z = 3p)eyy <22 % 1076, (14)
representing a fivefold improvement on the previous
determination from LEP [37]. This process is clearly very
rare and could not yet be measured directly. It is thus an
ideal testing ground for new physics [38,39].

The SM prediction is compatible with the best current
experimental bound, but there is a vast gap between them.
|

_ fa/iyﬁ — ad

[(q1 - a2)n” = G, d5)[(p - a3)n

4

4

FIG. 1. Tree-level Feynman diagram for the decay Z — 3y.

The nonlinear extension can therefore be constrained by
comparing its prediction to the experimental bound;
cf. Eq. (14). The tree-level amplitude for a Z-boson
with 4-momentum p decaying into three photons with
4-momenta ¢; (k = 1,2,3) is (cf. Fig. 1)

—iM = e.(p)VE (B)ej(ar)e; (a2)e5(g3),  (15)
where the vertex factor
VR (p) =

’;
5pC)
1—229 fabre (16)

may be read from the last line of Eq. (13). The momentum-
dependent function f*7° is given by

} a’
—p°8) + (a1 - a3 = B (p - a)n™ — p 4]

+ (a2 - a3)7° = B345)[(p - 1) = pPas] + €977 € p,q1,45, 95,
+ €ﬂﬂﬂ5€yy,<apquﬂq2yq3p + €”7p5€y/}lmpxqwq2ﬂq3p' (17)

Here, we have assumed that p flows into the vertex,
whereas the g, flow out of it. Incidentally, this momentum
structure is the same for all vertices in Eq. (13).

From this point on, we neglect the loop-level SM
amplitude so the tree-level result from Eq. (15) is essen-
tially the only contribution to the decay. The unpolarized
squared amplitude reads

8s9 9

3

(IM[?) = @(p, 41,92 93)s (18)

with the momentum factor given by

(P-a1)*(q2 - q3)* + perm.,  (19)

N[ =

@(p.q1.92.93) =

where “perm.” indicates all permutations of the g;. In the
rest frame of the decaying Z-boson, p# = (my,0), and the
outgoing photons have E; = |q;|. By applying the usual
dispersion relations and momentum conservation, we find

[
2

="Z_,E,, (20)

and q;-q 2

P qs = mzEs

with similar results for the other 4-momenta pairs.
Therefore, we can rewrite ®(p, q;, ¢, q3) as

ZE2

k=123

‘I)(P q1- 492 43 _2Ek . (21)

Notice that this expression is symmetric under the
change of final photons, a reasonable behavior since there
is no preferred photon in this decay. As the phase space
integral also enjoys this symmetry, we can simply use one
of the terms above to do the integration and multiply the
output by 3, since they will necessarily give the same result.
The partial width is defined as

_ 1 1 2
dr—§2—mZ<|M| )dlls, (22)
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where 1/3! is the symmetry factor due to the identical
photons in the final state. The three-body phase-space
function is

L. — dq,  dPqy  dqs
37 (27)%2E, (27)32E, (27)2E;
x (22)*6' (p— g1 — 42 — ¢3)- (23)

We have then

Es(mz — 2E5)?
E\E,

x8(p—q1—q9:—q3). (24)

dl =K d*q,dqyd’q;

where the constant K, already including the factor of 3, is

26,3
_ SpComz

15362° 54 (25)

The rest of the calculation follows a path similar to the
textbook calculation of muon decay [40]. The delta
function may be split into two factors enforcing energy
and 3-momentum conservation. The latter allows us to
write ¢, = —(q; + q3) and E, - |q; + q3|. Let us take
the polar axis along q3, which is held fixed, so that

E>(cosf) =1q, +qs| = \/E% +E2+2E Escos0.  (26)
We may then write d°q; = 2zE3d|q,|d cos 0, and we have

E|E5(mz — 2E5)*

dl' = 2zK
lq; + q;]

d*q3dE d cos 05[g(cos 0)],

(27)

where g(cos @) = my — E|, — E,(cos @) — E;.
Now, the delta function cannot be directly integrated, so
we need to change variables. This redefinition leads to

E,(cos 0) 5

8lg(cos )] = E E

(cos@ —cosby), (28)

where cos 6 is such that g(cos 6) = 0. The delta function
now implies that both the maximum energy of any
individual photon and the minimum energy of any pair
of photons are m,/2. Consequently, we have E, and E;
limited to the ranges (% — E3, %) and (0, %), respectively.
Performing the remaining integrations and dividing by the
Z-boson width, we find that the branching ratio is given by

2.6 9
BR(Z = 30y = 152300012,

— 6.7 %1077 <”\;—%> ) (29)

We are finally able to place an experimental bound on f.
The branching ratio predicted by the SM is extremely small
(~10719), way below current experimental sensitivities. If
the expression above fully saturates the experimental upper
limit, i.e., BR(Z — 3y)y 2 BR(Z = 3y).,; cf. Eq. (14),
we find that

exp’

V= 80 GeV, (30)

which is slightly lower than the bound reported in Ref. [28].
In Ref. [41], the authors adopt the result of Eq. (30) above
on the BI parameter to make estimates on the redshift and to
discuss birefringence and dichroism in connection with a
class of p-extended Bl-type actions in the presence of an
external uniform magnetic field.

Here, we must add an important remark. The energy
scale of a decay process is set by the mass of the decaying
particle, here given by m; = 91.2 GeV. Therefore, the
bound obtained above must be taken with a grain of salt
since it represents a mass scale lower than the energy of the
process, challenging the basic assumption behind our
effective-theory approach. Nonetheless, it is worth noticing
that this restriction is a matter of experimental limitation:
the best bound on the Z-decay into three photons is still
orders of magnitude away from the SM prediction, so we
may confidently expect that future experiments will yield
much more stringent bounds on it, therefore significantly
improving on the result above.

The lower bound in Eq. (30) is clearly limited by the
experimental sensitivity. If the current experimental upper
bound on the branching ratio [cf. Eq. (14) [would be improved
by a factor of ~3—a smaller improvement than the one from
ATLAS [36] relative to LEP [37]—we would be able to
exclude the region /B < m. Future lepton colliders, e.g., ILC
[42-45] and FCC-ee [46,47], whose main goal is precision
Higgs physics, could operate at the Z-pole and produce a vast
sample of Z-bosons; the ILC and the FCC-ee could produce,
respectively, 10? and 10° times more Z-bosons than LEP. It is
therefore possible, with much better statistics and improved
detector capabilities, to improve the upper limit on
BR(Z — 3y) enough to constrain \/f at or above m.

In Fig. 2, we plot the lower bound on +/f as a function of
the future improvement of the experimental sensitivity,
BR(Z — 3y),y, relative to the currently best one [36]. The
situation discussed in the paragraph above is illustrated by
the area shaded in red; an improvement of at least ~3 would
lead to viable bounds. The unfortunately weak dependence
of the expansion parameter on the experimental sensitivity
is made explicit by the slope of the curve, meaning that
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100 10! 102 10° 10¢

Improvement factor for BR(Z — 37),,,
FIG. 2. Projection for the lower bound on +/f as a function of
the improvement factor of the experimental sensitivity relative to
the currently best one; cf. Eq. (14) [36]. Incidentally, Eq. (29)
reaches the order of magnitude of the SM prediction with
/B ~220 GeV. The region shaded in red is such that
/B < my, where our predictions are not accurate.

only large improvements in sensitivity would lead to
noticeable improvements in the lower bound on our non-
linear extension.

As a final remark, we note that the discussion above relies
on the fact that, so far (and in the foreseeable future), only
upper limits on the process Z — 3y could be placed. The SM
prediction is 4 orders of magnitude below the currently best
upper bound, so we may also speculate about possible limits
on the expansion parameter in case the SM expectation is
eventually confirmed. In this scenario, there is no tension
between the SM and experiment, so we may assume that the
nonstandard result is responsible for a small correction
of the SM prediction, being hidden under the (relative)
experimental uncertainty, ie., BRy(f)/BRgy < dexp-
Conservatively assuming &, ~ 10% would allow us to
improve the lower bound to \/,% 2 295 GeV. For even better
precisions of 1% and 0.1%, we find /B = 395 GeV and
VB = 530 GeV, respectively.

B.e et - 3y

Hadron colliders have played a central role in the
establishment of the SM as our best theory of elementary
particles and their interactions; great examples are the
discoveries of the W- and Z-bosons, as well as of the
Higgs scalar. However, lepton colliders, such as LEP, were
crucial in subsequent precision measurements, helping to
probe not only tree-level predictions but also radiative
corrections [48]. The next development is to achieve even
higher precision in measurements of electroweak param-
eters, in particular those related to the Higgs and gauge
bosons [49].

Lepton colliders represent optimal tools to this end, and
next-generation machines have been proposed, such as ILC
[42-45], FCC-ee [46,47], CEPC [50], and CLIC [51].

. wun VAVAVAVAYS 4
+ +
e e
Zly*
VAVAVAVAYS Y
e e
— VWYY /4
FIG. 3. The lowest-order Feynman diagrams contributing to the

scattering e~ (py)e (p2) = 7(q1)7(q2)7(q3).

These are designed to study the SM in great detail, but
searching for deviations from the SM that could hint at new
physics is an equally important goal. In this context, the
process e"et — 3y offers an interesting option to test
modifications of the gauge couplings, in particular those
involving photons and Z-bosons. From Eq. (13), we see
that our nonlinear extension induces precisely such anoma-
lous couplings that could give rise to new contributions for
processes with three photons in the final state. We note that
the SM contribution is very well described by QED with
negligible electroweak corrections.

The Feynman diagrams contributing to e"et — 3y at
tree level are shown in Fig. 3. The QED contribution is
given by

: 3 —dh—dh
—lM :l€3’l) |: P = == ¥
. P2)|r (Pi=q1-42)°

X%}’”] u(pi)e;(qr)e;(g2)€e,(q3), (31)

which must be added to the other five amplitudes obtained
from this one by permutation of the external photons. We
are considering high-energy scatterings, so the electron
mass may be safely neglected. The nonlinearly induced
photon- and Z-mediated amplitudes are given by

—iMy = o fmz 2(p2)r,u(py)
< Vi (B)es(a))ej(an)ep(as).  (32)
—iMZ - gZ

(P + p2)* = my +imyTy
X 17([72)}/”(01) - Cays)u<pl)
<Vl Bes(a)ey(a)ep(as).  (33)
where g; = e/4sycy, ¢, = —1 + 4s5 and ¢, = —1. The Z-

width is I', = 2.49 GeV. The Zyyy vertex was defined in
Eq. (16), and the four-photon vertex is analogous:

4
V) =i (34)

The function %79 is given by Eq. (17) with the appropriate
relabeling of the 4-momenta.
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The total tree-level amplitude for the process, M, is
M = Magp + M, + My, and the total unpolarized cross
section is given by

1 1

do=———
7731262,

(JM?)dITs, (35)

where 1/3! is the symmetry factor due to the identical
photons in the final state and the phase-space factor is the
same as in Eq. (23). The squared amplitude is essentially
the sum of three contributions: a pure QED part, an
interference term between QED and the nonlinear ampli-
tudes, and a purely nonlinear term. The contribution from
pure QED is discussed in the Appendix A.

Let us first discuss the interference term, (|M|ggp y).
The unpolarized squared amplitude is quoted in detail in
Appendix B. To simplify matters, we may express all
energies and 3-momenta in units of the c.m. energy, E.,, SO
that we can write it as

Ecn
<|M|2QED—Y> = XQED—Y64C§7A(pinj>7 (36)

with A(p;, q;) representing a function of the now dimen-
sionless energies and 3-momenta that the reader may obtain
from Eq. (Bl). The prefactor Xqggp_y is given by
(x=m%/E%, and y =T%/m?2)

3= (B+4ch)x+4cix*(1+y)
(1=x)% 4 yx? '

XqEDY = (37)

From the phase-space volume, we get another factor of
E2,, that cancels the one present in the denominator of
Eq. (35), so that, putting all the numerical factors together,
we finally obtain

2.2
acy S

o(e”e™ = 37)orpy = XoED-Y WEIQED—Y (38)
with s = E2%,, €* = 4rna and

d*q,dq,d’q
IQED—Y:/A(pivLIj)—E I—E 2—E 354@171'—2%)- (39)
1 2 3

Note that the quantities in Eq. (39) are all expressed in units
of /s = E,, being therefore dimensionless.

Equation (39) cannot be easily evaluated analytically due to
the complexity of the integrand, so we solve it numerically via
standard Monte Carlo methods. The Dirac delta enforcing 4-
momentum conservation severely constrains the phase-space
volume available to the outgoing photons. In fact, their
individual energies are bound to be at most 0.5, and the
sum of any pair of energies must be larger than this value,
allowing us to limit the range of the sampled 3-momentum
components to the interval [-0.5,0.5]. In what follows, we
use data from e~e™ collisions at LEP resulting in two or three

TABLE 1. Values of the numerical integrals appearing in
Egs. (38), (43), and (A7). The first two energy values are relevant
in the context of existing LEP data [52,53], whereas the last two
are important for future e~e™ colliders, such as the ILC [42—
45,54]. The following cuts were applied: E, >5 GeV and
[cosd,| < 0.96 [52,53].

V5 (GeV) 91.2 207 250 350

Tomp 27006 37976 41796 45854
Tompy 19.45 20.02 20.13 20.24
Ty 0.138 0.139 0.139 0.139

photons, and the cross sections quoted were obtained under
the experimental conditions of the detector. That means that
we have to impose similar cuts to our theoretical cross sections
if we want to compare them to LEP data.

Particularly important are the angular and energy cuts
imposed [52,53]. Since the forward-backward direction
along the beam is inaccessible, the range in polar angles is
limited to 16° <6, < 164°, i.e., the detectable photons
must satisfy | cos@,| < 0.96 to be contained in the electro-
magnetic calorimeter. Furthermore, the individual photons
must have an energy E, > 5 GeV. Even though Eq. (39) is
written in terms of dimensionless quantities, the aforemen-
tioned lower threshold on the detectable energy of the
single photons introduces an energy dependence, as the cut
is expressed as E, > 5/ \/s. The values of the integral
evaluated at selected energy values are quoted in Table I.
For the sake of concreteness, the interference cross section
at /s =207 GeV is

250 GeV

GQED—Y(\/E =207 GCV) >~ 088< \/B

)4 fb.  (40)

We now move on to the purely nonlinear contribution,
(]MJ%), which is expected to be subdominant relative to
the interference term discussed above. The unpolarized
squared amplitude is stated in Eq. (BS), and after express-
ing the 4-momenta in units of E_,, we have

Efn
ﬂ4
with B(p;,q;) representing a dimensionless function in
analogy with A(p;.q;). The prefactor is

(IMI3) = Xyercg—3 Bpi- q)). (41)

5—12c5x + 8cpx*(1 +y)

X u—
Y (1 —x)% + yx?

. (42)

Equation (41) may be integrated analytically,1 but here
we adopted the same Monte Carlo setup employed in the
calculation of the interference term. The cross section is
then given by

5

1 . . o acg
The result without detector cuts is oy = Xy T6R6A02 [

016007-7



DE FABRITIIS, MALTA, and HELAYEL-NETO

PHYS. REV. D 105, 016007 (2022)

4 3
acy s

MG E e

ole"et - 3y)y =

where Zy is defined analogously to Zqgp_y; cf. Eq. (39).
Specializing to /s =207 GeV and using the numerical
value of the integral including detector cuts from Table I,
we have

250 GeV
VP

In the discussion above, we have obtained the total cross
sections involving the novel neutral vertices originating in
Eq. (13). The fact that only quartic vertices are produced
implies that e~e™ — 2y does not receive corrections, at
least at tree level, but e~e™ — 3y does. From dimensional
analysis alone, we expect the number of events with two
photons to be roughly 2 orders of magnitude times larger
than with three photons, thus making dedicated searches for
three-photon events harder. Therefore, more commonly,
experiments look for multiphoton processes, and the best
available data to our knowledge were collected at LEP
where the c.m. energy of the e"et pair was scanned
passing by the Z-pole and reaching more than 200 GeV.

The L3 Collaboration analyzed LEP data of events
resulting in multiphoton final states [52,53]. Since electro-
weak corrections are heavily suppressed, these measure-
ments provide a clean test of QED, whose predictions were
successfully confirmed. The calculations of the QED
expectation were performed following Ref. [55], where
contributions up to O(a?) are considered, i.e., the tree-level
cross sections for two and three final photons plus radiative
corrections. Here, however, we are working with an
effective theory, and we limit our analysis to tree level
and refrain from employing their results.

The tree-level cross section for e"et — 2y is well
known; cf. Eq. (A2). No closed form for the tree-level
cross section for e~e™ — 3y in the CM could be found, so
we calculated the squared amplitude analytically and
performed the phase-space integration numerically includ-
ing the appropriate detector cuts; cf. Eq (A8). Let us
consider concrete data to try to constrain /f. Since we are
dealing with an effective theory whose effects grow with
energy, we will ignore data at the Z-pole [52] and focus on
the more promising high-energy results [53].

The L3 Collaboration analyzed e e™ — yy(y) data in
detail and indicates cross-section measurements for final
states with two and three photons. The highest energy bin is
207 GeV (cf. Table 3 of Ref. [53]), and it quotes the
expected O(a?) cross section as 9.9 pb, whereas our tree-
level result is 9.2 pb. Given that the difference includes
radiative contributions deliberately unaccounted for here
and possible effects from further selection criteria, we are
confident that our calculation delivers a meaningful result
for the QED prediction at tree level.

8
oy (Vs =207 GeV) = 0.01( ) fb. (44)

Now, given that QED accurately describes the exper-
imental data, we are only able to find lower bounds on /3.
In fact, we may constrain it by demanding that the effects of
the nonlinear extension hide under the relative experimental
uncertainty

OQED-Y T Oy
QGT S Oexps (45)

with ogpp being the tree-level expectation from QED. The
cross sections for final states with two and three photons
are, respectively, o-éyED, Eq. (A2), and 6(32};:]), Eq (A8). For
the sake of concreteness, we focus on the highest energy
bin quoted in Table 3 from Ref. [53], /s = 207 GeV, for
which the relative uncertainty of the measured cross section
is3y5exp = 0.34/10.16 = 0.034. Plugging this and oaep +
ooep = 9-2 pb into Eq. (45), we obtain /B 2 73 GeV.

The absolute number of e~e™ — 3y events is also
reported in Ref. [53] for different energies, albeit without
the respective experimental uncertainties. Focusing again
on /s = 207 GeV, the expected tree-level cross section for
pure QED is 0.29 pb. At this energy, 29 three-photon
events were observed, so we may conservatively assume
that the uncertainty is ~1/29 ~ 5.4 events. Taking into
account the effective integrated luminosity, 87.8 pb~!, this
is equivalent to 0.06 pb, so that the relative uncertainty is
Jexp = 0.06/0.29 ~0.21. With oggp = 0?)];31) = 0.29 pb,
Eq. (45) gives v/ = 97 GeV.

The bounds found above suffer from the same limitation
as the one from the analysis of Z-decay: v/ < +/s. This is,
however, not surprising, since the experimental uncertain-
ties are orders of magnitude larger than the typical values
expected from Egs. (40) and (44). We are thus confronted
with the fact that the currently available data on e”e™ —
yr(y) do not yield viable bounds on /f.

Despite being experimentally more challenging, meas-
uring e~e™ — 3y has the largest potential, as only the
process directly affected by the nonlinear effects is exam-
ined. We conclude, therefore, that a sensible lower limit on
/3 could be placed if future e~e™ colliders would include
measuring this process in their research programs. Let us
take the ILC as an example, which targets a total integrated
luminosity of 14 ab~! over its full operation time [54].
For the sake of clarity, let us focus on the initial stage
with /s = 250 GeV, where an integrated luminosity of
~500 fb~! is planned to be attained in the first five years.
Assuming similar detector cuts as at LEP and a (pessi-
mistic) 1% effective luminosity,2 ~5 fb~!, pure QED
predicts 1073 three-photon events, whereas the nonlinear
terms would contribute with three extra events for
VB =300 GeV; i.e., the level of precision required would

*For comparison, the analysis of e~e™ — yy(y) at LEP in the
energy range 192-209 GeV contained 0.43 fb~! of data, roughly
ten times less.
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be 3/1073 ~ 0.3%. A similar precision would be required
at /s = 350 GeV with v/ = 400 GeV.

C. Pure gauge-boson scatterings

The electroweak sector of the SM is based on the non-
Abelian gauge group SU(2); x U(1)y. This is manifest
in the form of the covariant derivative; cf. Eq. (4) and the
nonlinear transformation properties of the gauge
bosons. Particularly relevant is the presence of triple
and quartic self-interaction couplings in the gauge sector.
As a matter of fact, in a pure Yang-Mills theory, the quartic
coupling is related to the triple one, even at the quantum
level, as a consequence of gauge symmetry—this is a
trademark feature of a non-Abelian gauge theory. Given
that the structure of the gauge self-couplings in the
electroweak sector is completely specified by construc-
tion, any deviations from this would suggest the presence
of new physics.

Measurements of the gauge self-couplings are therefore
especially interesting from both theoretical and experimen-
tal points of view. Particularly important are high-energy
scattering processes involving the Z-boson and the photon,
which could give a clear signal indicating SM extensions
modifying the hypercharge sector like the one proposed
here. With this in mind, we consider some of the possible
scattering processes proceeding via the quartic couplings
from Eq. (13) already at tree level, instead of loop level as
predicted by the SM.

As mentioned in Sec. III B, e“e™ colliders offer clean
conditions for precision tests of the SM. More interestingly,
there are currently proposals of machines that can be
adapted to work as linear photon colliders. Important
sources of photons at a linear lepton collider include
bremsstrahlung [56] and Compton laser backscattering
[57] (there is also beamstrahlung [58]). At LEP or LHC
bremsstrahlung is the dominating form of radiation pro-
duction, whereas at TESLA [59], ILC [42,60], or CLIC
[51,61,62], Compton backscattering of electrons in intense
lasers would be used to produce yy or ey collisions. In this
scenario, the photons created may carry a substantial
amount of the electron energy [63].

Given that future linear e~e¢™* machines envision in their
prospects the possibility of an extension to include photon
colliders at relatively low cost, let us focus on yy collisions
producing exclusively vector bosons V; = y, Z, W=, In this
context, measuring, e.g., the process yy —» WTW~ in a
photon collider is an attractive option due to its large
(~80 pb) cross section [64,65]. The nonlinear realization
of the hypercharge sector proposed in this work, however,
does not affect charged gauge bosons, so we shall
focus on yy fusion leading to neutral gauge bosons as final
products: yy — yZ,yy — ZZ, and yy — yy. Itis noteworthy
that, within the SM framework, these processes receive only
loop-level contributions, but here they will be induced at tree
level by the effective operators present in Eq. (13).

14 14

14 Z

FIG. 4. The lowest-order Feynman diagram contributing to the
scattering 7(p1)y(p2) = v(q1)Z(q2)-

For the sake of concreteness, in the following, we
compute the nonlinear contribution to the unpolarized cross
section of the process yy — yZ at tree level. Though we
consider this particular process in more detail, all others may
be analyzed by similar means. From Eq. (13), we see that the
relevant vertex factor is V%/;y,é, cf. Egs. (16) and (17), but with
the substitutions: p — p;, ¢; = —p2, g2 — ¢;, and g3 —
g, appropriate for a 2-to-2 scattering.

The tree-level amplitude for this process is then

—iM = ea(pl)eﬁ(pg)V%;ﬁ(ﬁ)e;(Cll)63(612) (46)

with the momenta attributions given in Fig. 4. Here, we are
assuming that the unpolarized photons are on shell and
monochromatic.® After summing and averaging over polar-
izations, the unpolarized squared amplitude becomes

952
(IM[?) = ﬁ [my(s* + 1 + u?)

—2m%(s* + 72 +u?) + st + 1t +ut],  (47)
where the Mandelstam variables, expressed in terms of the

c.m. energy E,, of the incoming photons and the scattering
angle 6, are

s = E2,, (48a)
1o 2

t= —E(Ecm —m3)(1 —cos@), (48b)
1o 2

=3 (Ez, —mz)(1 4 cos0). (48c)

Setting x = m%/s, the unpolarized differential cross
section for the scattering yy — yZ reads

do  §s3 s°
a0~ 200627 5 | )16 =257 cos
+(1 =x)>cos* O+ 9 + 2x + x%, (49)

3This is a simplified scenario, and a more detailed analysis
would follow the strategy from Ref. [28], for example.
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FIG. 5. Unpolarized total cross sections for selected processes
(no angular cuts applied; evaluated in the c.m.); cf. Table II. Here,
we set /B = 250 GeV for definiteness, but the scaling for other
values can be easily performed via Eq. (51).

which can be integrated to yield

206 7§
olyy—=vZ)y= 19920‘9][ (E>(l—x)3(21—|—3x+x2). (50)

This result is shown in blue in Fig. 5 for \/f = 250 GeV. If
the nonlinear hypercharge sector is indeed realized in
nature, the expression above would provide the only
tree-level contribution to the cross section, since this
process cannot take place in the SM at this order. In fact,
the first SM contribution is generated via fermion and
W-boson loops with a cross section of ~3 x 10~ fb shortly
above threshold and peaking at ~110 fb at ~750 GeV [66].

Another process of interest in a photon collider is
yy = ZZ, which, similar to yy - W*W~, may be used
to study the gauge structure of the SM as well as Higgs
physics. As already mentioned, this process has no tree-
level contribution in the SM—the first nontrival amplitude
arises through fermion and W-boson loops with a cross
section of ~20 fb immediately after threshold and roughly
saturating at ~300 fb for c.m. energies =800 GeV
[59,67,68]. In our nonlinear extension, the first nonzero
contribution is at tree level, and the calculation of the
(differential) cross section follows a rationale similar to the
one leading to Eq. (50). The result is listed in Table II and
shown in black in Fig. 5.

Finally, let us briefly comment on yy — yy, light-by-light
(LbL) scattering. In Maxwell’s linear electromagnetism,
this process is forbidden, but in the 1930s, Heisenberg and
Halpern [1,2] realized that quantum effects could induce it.
In the 1950s, a full calculation was presented [69], and the
cross section was found to be ~1073* pb for visible light
[70,71]. Only recently, it was proposed that this elusive
process could be observed at the LHC in Pb-Pb collisions
[72]—in fact, strong evidence for it has been reported by
the ATLAS [15] and CMS collaborations [16], being

TABLE II. Total cross sections for processes involving only
quartic couplings of neutral gauge bosons; cf. Eq. (51) with
x = m%/s. These results are shown in Fig. 5 for v/ = 250 GeV.

Process N K(x) F(x)
78
7S s 1 1
53¢ 3 2
Y= vZ 150 (1=x) 21 +3x+x
st
vy —>ZZ &L V1-4x 7 — 26x + 27x
vch’
}IZ —>Yr 5‘796(;; (I-x) 21 +3x + x2

5<% (1 _ x)4

2980 21 + 6x + 16x% + 6x° + 6x*
6 .2

vZ - 77 55796602 (1 —x)m 21 = 75x + 98x2 — 203 + 6x*

vZ = vZ

further confirmed by ATLAS [17]. The results are com-
patible with the SM prediction. As with the other photon-
fusion processes previously discussed, LbL scattering takes
place only at loop level in the SM. Our nonlinear extension,
on the other hand, allows for it to proceed already at tree
level and with a potentially large cross section; cf. Fig. 5.

The quartic vertices in Eq. (13) allow for a few more tree-
level scattering processes involving exclusively neutral
gauge bosons than we have explicitly mentioned above.
For the sake of completeness, the differential cross sections
for these processes are given in Appendix C, and the
respective total cross sections, without any angular cuts,
can be written in a systematic way as

3
o= N<;4> K(x) F(x) (51)
with x = m%/s. Here, N is a numerical factor, x(x) is a
kinematic and phase-space factor, and further energy-
dependent contributions are contained in F(x). These
results are summarized in Table II and shown in Fig. 5
for a reference value of \/f# = 250 GeV. The basic features
are immediately salient: besides LbL scattering, all cross
sections sharply rise after the respective thresholds and
grow with increasing c.m. energy, as expected from the
effective character of our hypercharge extension.

It is important at this point to contextualize our findings
with recent results on anomalous quartic gauge couplings
(aQGQO). In fact, it is interesting to discuss experimental
bounds and projected sensitivities on aQGC, as these may
be translated into constraints on the parameter f from
different, but complementary, perspectives, ranging from
past LHC runs to future lepton colliders. Particularly
relevant is the discussion of recent results related to the
anomalous vertices yyyZ and yyyy.

Anomalous quartic gauge couplings can be investigated
with high precision at the LHC through pp — pXp
processes, where X can be, for instance, yy or yZ. In
particular, it is interesting to focus on photon-induced
processes in pp collisions since these processes are very

016007-10



PHENOMENOLOGY OF A BORN-INFELD EXTENSION OF THE ...

PHYS. REV. D 105, 016007 (2022)

sensitive to aQGC and therefore new physics beyond the
SM (e.g., extended Higgs sectors or extra dimensions).

For instance, the yyyZ interaction appears in the SM
through fermion and W-boson loops. This anomalous
vertex induces the rare decay Z — yyy, contributes to
eTe™ — yyy and allows also for the yy — yZ scattering.
New physics appearing at a mass scale A, much heavier
than the experimentally accessible energies E, can have its
effects described via a low-energy effective field theory.
The anomalous yyyZ interaction could then be parame-
trized by dimension-8 operators such as

LY), = PV, FroZ,, + ZFVF, FrZ,,  (52)

This is an effective description, and we recover our model
by making ¢ = = _¢SQC3.

Baldenegro et al. studied in great detail the yZ produc-
tion with intact protons in the forward region at the
LHC using proton tagging [73]. In this way, a sensitivity
of £ <2x107"3 GeV™ could be established for the
anomalous quartic gauge coupling yyyZ at an integrated
luminosity of 300 fb~!. This improves the result obtained
through the Z — yyy measurement by about 3 orders of
magnitude. This improvement in the anomalous coupling
sensitivity would, in turn, translate into an improvement on
the sensitivity of /f, putting it at the order of a few
hundred GeV.

Recently, Inan and Kisselev studied very carefully the
yy — yZ scattering of photons produced by Compton
backscattering at the CLIC and estimated the sensitivity
to the anomalous quartic coupling yyyZ [74]. They used the
following parametrization:

‘C(ZZS)y = g FPHF™ 5‘,) F;w Z, + g FP* F/I: ap F,7° (53 )

We can relate these coefficients with the previous ones
through g, = 8( = ¢) and g, = 8Z. The authors consid-
ered both polarized and unpolarized e*e™ colisions at 1.5
and 3 TeV, obtaining exclusion limits on the aQGCs and
comparing their results with the previous bounds obtained
from yZ production at the LHC. The best bounds found by
the authors for the couplings g, , were approximately 4.4 x
107 GeV~*and 5.1 x 10715 GeV~ for the e* e~ energies
1.5 and 3 TeV, respectively. They conclude that the
sensitivities on the anomalous couplings obtained at
CLIC are roughly 1 to 2 orders of magnitude stronger
than the limits that can be obtained at the LHC. Such an
improvement would be enough to put the sensitivity on our
nonlinear parameter /f at the TeV scale.

Let us now move on to the anomalous coupling yyyy. We
can describe the nonlinear effects on LbL scattering by
means of the following effective Lagrangian:

LY) = G\ F PP F, FP + 5F, F¥F, F*.  (54)

This can be related to our description if we write it in a
different, but equivalent, basis given by

L) = EF, FF, F + EF, F*F, Fro,  (55)

where the relation between the above parameters is given
by é&=1{, + %Cz and & = :1;52- We can recover our model if
we take the particular combination & = & = g—"z ﬁ%

Fichet et al. analyzed the sensitivities to the anomalous
coupling yyyy at the LHC through diphoton production
with intact outgoing protons [75,76]. The reported
limits at 14 TeV with an integrated luminosity of L =
300 fb~! on [¢;] and |¢,| were 1.5 x 107'* GeV™ and
3.0 x 1071* GeV~, respectively. For the High-Luminosity
LHC (HL-LHC), the sensitivities obtained were a factor of
2 stronger. These results are strong and can put the
sensitivity on our +/f at the TeV scale.

Inan and Kisselev examined the anomalous couplings
yyyy in the polarized LbL scattering at CLIC [77]. Their
results at 1.5 TeV were comparable with the bound
obtained at HL-LHC stated above, but their results for
3 TeV were approximately 1 order of magnitude stronger,
improving further the sensitivity on /f but still keeping it
at the TeV scale. A similar result could be found consid-
ering the best sensitivities on the anomalous couplings
obtained through yy — ZZ in Ref. [78] and also through
Zyy production in Ref. [79], both considering e*e™
collisions at 3 TeV at CLIC.

Finally, let us conclude this section by reporting the
latest experimental results on the anomalous couplings of
interest here. A more general effective description
including the nine independent dimension-8 operators
respecting the SU(2), x U(1)y gauge symmetry as
well as charge conjugation and parity invariance can be
found in Ref. [80]. This effective description includes in
particular

LD FrgB, B"B,,B’ + Fr9B, B"B,,B%. (56)

To the best of our knowledge, the strongest experimental
bounds on these anomalous couplings are given by the very
recent CMS results reported in Refs. [81-84], considering
different measurements in proton-proton collisions at /s =
13 TeV performed at the LHC. In particular, the strongest
bounds on the anomalous couplings Fyg and Frg are
reported in Ref. [84] and give |Frg| < 4.7 x 10713 GeV™
and |Fro| <9.1 x 10713 GeV™. These coefficients are
translated into our model by taking Frg+ Fro/2 =
1/324% and Fr9/4 = 1/32f. Therefore, these experimen-
tal results put the bound on /f at the order of a few
hundred GeV.

016007-11



DE FABRITIIS, MALTA, and HELAYEL-NETO

PHYS. REV. D 105, 016007 (2022)

Very recently, a work appeared on the arXiv [85] in
which the authors search for exclusive two-photon pro-
duction via photon exchange in proton-proton collisions,
pp — pyyp, with intact protons using the CMS and
TOTEM detectors at a center-of-mass energy of 13 TeV
at the LHC. They report the following bounds on the
anomalous four-photon coupling parameters: |{;| < 2.88 x
10713 GeV~ and |¢,| < 6.02 x 10~!* GeV~*. This would
give us a limit on /f around the same order of magnitude
as the result reported above.

The most recent and strong contribution to the subject
was recently given by Ellis er al. [86], constraining the
nonlinear scale of a BI extension of the SM to be =5 TeV
considering gg — yy at the LHC. The authors estimate the
sensitivities at possible future pp colliders with /s =
100 TeV to be around =20 TeV.

Therefore, we conclude that the LHC results can give
very strong constraints on aQGC. These can be translated
as bounds on +/f typically at the order of a few hundred
GeV up to the TeV scale. Nevertheless, future colliders are
expected to be able to supersede these constraints, con-
sequently improving the sensitivity on /.

IV. CONCLUSIONS

Motivated by recent results in the physics of electroweak
monopoles, we investigated the consequences of a non-
linear extension in the weak hypercharge sector in high-
energy processes. The proposed extension is characterized
by a parameter /f with dimension of mass, which may
be used to perform a Taylor expansion in X = fz—zg—z;
cf. Eq. (12). After EW symmetry breaking, we obtain a
series of quartic, dimension-8 effective operators involving
the photon and Z-boson that are absent from the SM at tree
level; cf. Eq. (13).

In this context, we have analyzed a few interesting
processes, namely, Z-decay and electron-positron annihila-
tion, both resulting in three photons as final products, and Z-
boson production via photon fusion. The first and most
promising one, Z-decay, is a rare process occurring only at
loop level in the SM, but induced at tree level by nonlinear
effects. The expected impact of the nonlinear vertex on the
branching ratio is a factor ~3 too small; cf. Eq. (29). This is
due to the still-loose experimental upper bound on the
branching ratio of Z-decay into three photons, which is 4
orders of magnitude larger than the value predicted by the SM.

Future e~e™ colliders, such as the ILC or FCC-ee, may
operate at the Z-resonance and produce a large amount of
Z-bosons—up to a factor 10° more than at LEP—thereby
dramatically increasing the statistics for measuring the
products of Z-decay. We are therefore confident that the
experimental upper limit on the branching ratio will be
significantly improved in the near future, thus enabling us
to set more stringent bounds on +/f, readily excluding the
range +/f < my; cf. Fig. 2. We remark that, in a scenario

where experiment reaches the level of the SM prediction,
lower bounds ~300 GeV could be set.

The second process analyzed was electron-positron
annihilation into three photons, also a relatively rare
process. It is well described by QED, and the nonlinear
extension provides small corrections also at tree level;
cf. Fig. 3. We have calculated the unpolarized cross
sections of pure QED, pure nonlinear and interference
effects at the c.m. Since there is no tension between the
predictions from QED and the experimental data, we have
used the (relative) experimental uncertainties from LEP
data for e"e™ — yy(y) and e"e™ — 3y above the Z-pole to
derive lower bounds on /.

The process with two- and three-photon final states is
well measured, but the nonlinear effects, which contribute
only to e"e™ — 3y, are shadowed by the much larger QED
contribution, e~et — 2y. The data on exclusively three-
photon final states is not so complete, but a conservative
estimate delivers a somewhat better lower bound on +/f.
The nonlinear effects are much smaller than the available
precision, and it was not possible to obtain viable bounds
with the current experimental data, but we project that the
necessary improvements may be within the reach of the
next-generation lepton colliders.

Finally, we have also analyzed selected scattering
processes involving exclusively neutral gauge bosons.
The unpolarized tree-level cross sections may reach a
few hundred fb at /s =200 GeV for /f = 250 GeV;
cf. Fig. 5. These processes are good candidates to detect
possible signatures from the nonlinear extension in future
experiments, given that they occur only at loop level in the
SM, but are induced at tree level via Eq. (13).

In this respect, we also reported recent results giving
constraints on anomalous quartic gauge couplings obtained
at the LHC considering neutral gauge-boson scatterings.
We used them to estimate the corresponding limits on /8
and found that typically they give us bounds of a few
hundred GeV. Furthermore, we analyzed the projections for
these anomalous couplings in future lepton colliders and
found that they improve the sensitivity on 1/, putting it at
the TeV scale.

Quite generally, we expect the nonlinear effects to be
heavily suppressed by \/f—it could reach TeV energies
depending on the underlying beyond-the-SM scenario. In
this work, we have tried to constrain /4 with high-energy
experiments, and we found that, in order to have any chance
to detect such effects, very precise measurements are
needed. A good example is the Z-decay in three photons,
for which the (minute) SM contribution is generated at loop
level, whereas the nonlinear effects contribute already at
tree level. This, together with the optimistic prospect of an
improved upper limit on the branching ratio, makes this
process a very promising way to search for the effects
outlined in this work.
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This can be contrasted to the situation of electron-
positron annihilation: the nonlinear effects are orders of
magnitude smaller than the SM results and thus very hard
to detect—much like finding a needle in a haystack. We can
see this by comparing the magnitudes of the cross sections
in Egs. (40) and (44), ~0.9 b for \/# = 250 GeV, with the
size of the experimental uncertainties quoted in Ref. [53],
~0.5 pb. Since the nonlinear contributions are much
smaller than the uncertainties involved, the only way to
make them comparable [a la Eq. (45)] is by having /f <
\/s to effectively enhance the nonlinear effects.

Moreover, we remark that the experimental bounds on
anomalous gauge couplings are being updated at a rela-
tively fast pace. Their precise measurement is an extremely
important task, since it provides a sensitive probe of new
physics. We hope that future colliders will shine a new light
on this issue, indicating the path to be followed on high-
energy physics.

To conclude our contribution, we remark that a more
general implementation of the nonlinear extension of the
electroweak sector is possible. Here, we have considered
the U(1)y sector, but an analogous modification may be
performed in the SU(2), sector. In this case, the already
analyzed neutral sector would receive small modifications,
but interesting nonlinear effects would also be induced in
the charged sector of the SM. This is the subject of another
work to appear soon.
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APPENDIX A: TREE-LEVEL QED RESULTS FOR
e~e* —>yy(y)

In Sec. III B, we discussed the tree-level effects of the
nonlinear extension of the U(1)y sector in the process
e~et - yy(y). The experimental results from LEP
included cross sections with final states of two and three
photons subjected to detector cuts in energy and scattering
angle, namely, E, > 5 GeV and | cos 6, < 0.96 [52,53], so
it is important to understand the tree-level expectation from
QED to ee"™ —yy and e e" — yyy under these
conditions.

We start with the simplest case, e”e™ — yy. Since there
are two identical particles in the final state and the reaction
takes place at the c.m., the two photons carry the same
energy as the colliding electron. Assuming monochromatic

beams with energies O(100 GeV), the outgoing photons
automatically satisfy the energy cut. The tree-level differ-
ential cross section is given by the well-known result

= Al
dcos s \1—cos?@ (A1)

dagED _ 2za? <1 + cos? 9)
For two identical particles, the polar angle is confined to the
range 0 < cosf, < 1 — ¢y, and integrating Eq. (A1) in this
range, we find

270 2—
ogED — _’2“ {log <7C°‘“> + Cont — 1} (A2)

Ceut

For LEP at /s = 207 GeV with ¢, = 0.04, we get 9.6 pb.
It is worth pointing out that the divergence in the forward-
backward direction leads to a significant reduction of the
total cross section even for small angular cuts.

Let us now move on to the more involved case of
e~ et — yyy. The typical amplitude is given in Eq. (31),
which must be added to other five similar contributions
with permutations of the photon 4-momenta. If we define
pij = pi-q; and q;; = g, - q;, the squared and spin-aver-
aged amplitude can be written as

3

(M, ) = Q[pn S (1 p2)"0, + perm.

n=0

(A3)

where “perm.” indicates that we must add the expression
with the photon labels reshuffled. The prefactor is

2eb
R T T T ey T R G

and the terms in the sum are

Qo = pi2[P13P21P22 + P23(P11P2 + P23(P22 — q12)

+ P21(P22 + 423))] = P11P22P23923 (A5a)

0, = Plz[P13P21 - le(l?zz - 4P23) + P23(P23 - 6123)]
+ P[P (=P + P2 + q23)

— P23q12 + P20qi3 + PPl (ASb)
0> = =2p1apo1 — P22 (2P21 — q12 + q13 + 423). (A5c)
03 = pa- (Asd)

The final averaged squared amplitude can be symboli-
cally recast in the form

“In order to keep track of the forward-backward enhancement
in the ultrarelativistic limit, it is wusually imposed that
Con = 2m2/s.
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e0

(M ) = 2o

C(pi» qj)’ (A6)

where we have expressed all dimensional parameters in
terms of the c.m. energy—in this way, C(p;.q;) is
effectively dimensionless. Taking into account the phase-
space volume, cf. Eq. (23), the integral to be solved is

APPENDIX B: INTERFERENCE AND PURELY
NONLINEAR AMPLITUDES FOR e~ e* — 3y

Here, we briefly present the results for the tree-level
amplitudes discussed in Sec. III B. The interference ampli-
tude between pure QED and the nonlinear contributions
may be written as

3
d*ql d*q, d’qs <|MQED—Y|2> =H {Z(Pl - p2)"H,, + perm. (B1)
Taww = [ o) TG0 = 2, (A7) =
. . with
but an analytical treatment is cumbersome, so we resort to
numerical methods, which also facilitate the application of 2ot Houm
the detector cuts. The results of the Monte Carlo integral are H= 201 pal - ) H 3 (B2)
listed in Table I for a few interesting values of the c.m. P1* P2A\P11P12P13P21P02P23) "lden
energy. The tree-level cross section for e~e™ — yyy is and
(e* = 4ra)
2 2 2 i
., 3 . 200 GeV ) Hnum - 2C6Vn/lZ(l—‘ + mZ) (4C9 + 3)mZ(pl pZ)
GQED 487 2 IQED ~ 8 x 10 IQED 7\/5 + 6(p1 . pz) s (B3a)
(A8)  Myen=mb+TomG—4m%(p, - p2) +4(p1 - p2)>. (B3b)
Using /s = 207 GeV as an example, we have 0.285 pb. The coefficients in Eq. (B1) are given by
|
Hy, = 2P22[(P11)2[(P13)3P21P22 + P12(P23)2(P216123 + pnpx) - P12P13P23(P12P21
+ P21(423 - 21723) + Pzz(l?23 - ‘lem - P11P12P13P21P23(P216123 + P22P23) - (Plz)z(Pm)z(le)zpzﬂa (B4a)
Hy = —pn{2p1p13(P21)* g1z + (P11)? P23 2(p12)* (P23 + q13)
+ P12(P13(P21 + P2) — 2P214923) + P13p21 P2l + P1ipai[2(P13)? P21 P2 + P1aP13(2(P23q12 + 13923)
+ P21(P23 = 2423)) + 2P12P23913923] } (B4b)
Hy = p1ipa[pi3p22(2p11923 + P23q12) + P12P23(P13G12 + 2P21G23)]- (B4c)
Finally, the purely nonlinear amplitude is given by T den = my +Tom% —4m%(py - po) + 4(p1 - p2)*. (B7b)
3 . . .
(M) Z )2, + perm. (B5) The coefficients in Eq. (B5) are given by
n=0
Jo = 3(P11)2P22P23423 —6p11P12P2P23Y913
where
+3p1p13(P21)* 923 (B8a)
che? J
j — 0 num , B6
2ﬁ4( 2)2 jden ( )
J1 =3p11423(P21923 — 2P22q13)
with + (P11)*(g23)* + (P21)*(g23)*. (B8b)
jnurn = 203’"%(1% + m%) - 6c§m%(p1 : p2) + 5(p1 ' p2)27
(B7a) Jr = 412913923- (B8c)
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APPENDIX C: DIFFERENTIAL CROSS SECTIONS FOR NEUTRAL GAUGE BOSON SCATTERINGS

In this Appendix, we report the unpolarized differential cross sections for the scattering of neutral gauge bosons in the
nonlinear extension considered in this work. In the following, we are using , = /1 —4m%/E2,:

@ yr—vrr

do  E%,c5(3 4+ cos®0)?

aQ 40967234 b

(i) yy = vZ
Zgz %%“E;P [(6E&, — 2m3) cos® O+9EL, + (Edy — m3)? cos* 6 + 2Equmy +m3).  (C2)

(i) yy - 2Z
:zi;z 6:53165 21;/642 [OE%, + Ednpy cos* 0 + 6EL, B2 cos® 0 — 32EZ m% + 40m3). (C3)

(iv) yZ —yy
jgz %m;ﬂf@ [(6E¢y — 2m7) cos® 0+9Ecy + (Ecn — m3)* cos® 0+ 2Egumy + my].  (C4)

V) vZ—-yZ

do Case(Egm - m%)4

dQ~ 4915222 4*E10

[99E8 4+ 20ES,,m2% + T4EE ;m% +20E2, m$ + (E2,, —m%)* cos40 — 8m?%, (E2,, —m%)? cos 30

—8mY (11 EL, +2E2 m% +Tm%) cos@+4(TES, —4ES, ,m% +4E% m% —4EX mS +Tm) cos20+35mb].  (C5)

i) yZ — 77
do _ B =),
dQ " 61442 f EL
+2E¢ B2 (3EL, + m%) cos? 4.

9ES,, — 30ES,,m5+45E% m% + (E&, — SEZ,m% + 4m%)* cos* 0
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